Abstract: Plant invasions are a serious global threat to biodiversity and ecosystem stability. The invasive giant knotweed Fallopia sachalinensis (synonym: Reynoutria sachalinensis) is one of the most aggressive plant invaders in many countries. It forms dense stands that prevent other species from growing. To assess the impact of the knotweed, oribatid mite communities were studied under Fallopia-free native veg etation and at Fallopia-infested sites (2 types: 90-100% and 30% of coverage) with similar soil. All the sites are located in mixed forest in the Kraków-Częstochowa Upland (Jura Krakowsko-Częstochow-ska) in south Poland. Species composition and functional group composition of oribatid mite communities were compared. In total, 1540 specimens belonging to 70 oribatid species were collected from 90 soil samples. This successful exotic invasive species had a moderate influence on species richness (20% less species at the totally invaded site than at the Fallopia-free site) and a profound effect on soil oribatid mite community composition. Several oribatid species characteristic of a particular site were observed. Shifts were detected in proportions of groups with different habitat specificity (e.g. higher proportion of eurytopic mites at invaded sites), ecomorphological groups (e.g. lower proportion of litter-dwelling mites at invaded sites), trophic groups (e.g. lower proportion of macrophytophagous mites at invaded sites) and zoogeographical groups (e.g. higher proportion of mites with broad geographical distribution at invaded sites). These observations prove the radical negative change of environmental conditions for soil oribatid mites as a result of Fallopia invasion. The increase in sexually reproducing oribatid mites at invaded sites suggests that this way of reproduction is preferable when resources are in shortage.
INTRODUCTION
Over the last 3 decades, invasive alien plants have come to be recognized as one of major threats to biodiversity and ecosystem stability (EhrEnfEld 2003) . These invaders include knotweeds of the genus Fallopia (synonym Reynoutria). In the 19 th century, several knotweed species native to eastern Asia were introduced as ornamental plants into North America and Europe. Fallopia species can be found on the IUCN list of 100 worst invasive alien species, are the second most damaging alien plant in Germany, and are among the top 10 invasive plant species in France and the UK (KoutiKa et al. 2011) . Once established, Fallopia is highly efficient in resource monopolization and forms highly productive, dense monospecific stands, outcompeting all native plant species (KappEs et al. 2007) .
Successful invaders may alter soil conditions, but the effect of exotic species on soil invertebrates and especially soil mites has been poorly studied (e.g. WardlE et al. 1995; BElnap & phillips 2001; nicolini & topp 2005; pritEKEl et al. 2006; st. John et al. 2006) . Especially the evaluation of the impact of Fallopia (Reynoutria) species on soil fauna was rarely undertaken (e.g. BEErling & daWah 1993; KappEs et al. 2007; gErBEr et al. 2008) . sKuBała & MiErny (2009) demonstrated the ability of Fallopia sachalinensis to transform native mesofauna communities in the soil. The reduction of abundance of saprophagous mites (Oribatida, Astigmata) and springtails were observed at the totally invaded sites, whereas gamasid and prostigmatid mites benefited from the simplified vegetation structure. The cited authors suggested that antifungal activity of phenolic compounds present in leaves of F. sachalinensis negatively influence saprophagous microarthropods.
The primary aim of this project was to explore the effect of giant knotweed (Fallopia sachalinensis) on the composition of oribatid mite communities. The following questions were addressed.
1. Does the presence of Fallopia sachalinensis lower the species richness and diversity of oribatid communities?
2. Do the species composition and the proportions of functional groups in oribatid communities significantly change at sites invaded by the exotic knotweed?
3. Which way of reproduction (sexual or parthenogenetic) is more preferable at a site dominated by the invasive plant?
MATERIAL AND METHODS
The investigations were undertaken in mixed forest along an educational trail "Dolina Wodącej" in the Kraków-Częstochowa Upland (Jura KrakowskoCzęstochowska) in Silesia Province (south Poland; 50°25'N, 19°40'E) . In the forest, 3 adjacent sites were selected, differing in coverage of Fallopia sachalinensis but developed on the same soil. Site I was totally invaded by knotweed, site II was characterized by medium coverage (30%) of the invader, whereas the control site III was free of Fallopia. At each site, 10 random samples of topsoil (0-10 cm, including the leaf litter) were taken using a corer of 4.8 cm in diameter, from a representative quadrat (10 m × 10 m). Sampling was done seasonally in 2007 (3 times: 2nd October 2007 , 1st March 2008 , 5th May 2008 , making a total of 30 samples per season. Mites were separated from the soil using the Tullgren funnel.
The analysis of oribatid fauna is based on 1540 specimens of 70 oribatid species (Appendix I). For other information on the sampling sites and methods of collecting mites, see sKuBała & MiErny (2009). Systematics of oribatid mites follows suBias (2004).
Five univariate measures were used to assess community structure: total number of species, number of unique species, mean species number per sample, Shannon index of diversity (H'), and evenness index (J). Theoretical total species richness at the studied sites was estimated using 1 st order jackknife estimator as well as Chao and Lee richness estimator no. 1. To test the species responding to the presence of Fallopia sachalinensis, a multivariate data analysis -correspondence analysis -was employed. The interpretation was restricted to the ordination space determined by the first 2 axes. To avoid an excessive amount of noise in the data matrix, which could obscure some data features, all species present as singletons were removed from the analysis, because they do not improve the correspondence analysis, and this was confirmed in an initial analysis with all species. The numbers of individuals were log (x+1) transformed and equal weight was applied to all species. All statistical calculations for this research were done using STATISTICA 10.0 and Species Diversity and Richness IV software. Only adult mites were used in statistical analyses since many groups have polymorphic immature stages that cannot be reliably assigned to any species. Functional group composition (e.g. habitat specificity, ecomorphological, trophic, and zoogeographical groups as well as mode of reproduction) was assessed based on: percentage contributions of mites of each group to the total number of oribatid mites at the given site. Species were assigned to individual groups on the basis of information from many sources (luxton 1972; schatz 1983; norton et al. 1993; Borcard 1994; KrivolutsKy 1995; suBias 2004; cianciolo & norton 2006; WEigMann 2006) .
RESULTS

Species richness and diversity of oribatids
Oribatid species richness (both total number of species and mean species number) was the lowest in the area totally invaded by Fallopia (site I). Nine species less (20%) were observed at this site in comparison with the control site free of the invader (site III). Species diversity (Shannon index H') at site I was similar to that observed at site III (no significant differences), whereas the evenness index (J) was significantly higher at the invaded site. It is noteworthy that the highest species richness, diversity, and number of unique species were observed at the site with moderate coverage of Fallopia (site II) ( Table 1) .
The theoretical number of species in the studied sites was higher for 1 st order jackknife estimator, ranging from 50.6 (site I) to 68.4 (site II). In all cases it was only slightly higher than the number of observed species. Species recovery, i.e. difference between the number of collected species and the estimated total species richness varied between 0.9% and 37% (both for site III, Chao and Lee richness estimator no. 1) ( Table 1) .
Species composition of oribatid communities
Ordination by correspondence analysis was used to assess community similarities and relations between species and communities at sites with different coverage of Fallopia. The eigenvalues (dispersion of the sites/species distribution along the ordination axis) of the first and second axis were λ 1 = 0.321 and λ 2 = 0.219, respectively. The first 2 axes cover almost 100% of the total variance. Fig. 1 shows the gradient Values are mean estimates ± S.E. Bold values denote significant variance (P ≤ 0.05). Different superscripts denote significant differences between sites (Tukey post hoc test). Percentage increase in species number (compared to the number of observed species) is given in parentheses.
described by axis 1, which separates the oribatid community of the site with moderate coverage of Fallopia. Axis 2 describes a gradient that separates the oribatid community at the site totally invaded by Fallopia and the control site, free of the invader. Three dominant oribatid species can be distinguished as associated with the totally invaded site (Fig. 1) . Oribatula (O.) tibialis tibialis and Hemileius (H.) initialis are described as eurytopic species, whereas Pergalumna nervosa nervosa occurred mainly in wet peat soils and acid forest soils. All these species feed on higher plant matter as well as fungal material (panphytophages) and have broad distribution ranges (luxton 1972; suBias 2004; WEigMann 2006) . For details on ecology, distribution, and other functional characteristics of the species, see Appendix I. Rhinoppia subpectinata, Ceratozetes (C.) gracilis, and Nothrus silvestris are typical of the site with a moderate share of Fallopia (Fig. 1 ). All these species occur in various habitats (eurytopic) and have Holarctic or cosmopolitan distribution. They belong to different feeding groups: microphytophages (R. subpectinata), panphytophages (C. gracilis), and macrophytophages (N. silvestris). All dominant species characteristic of the site free of Fallopia are typical forest inhabitants. They also represent the 3 feeding groups mentioned above: microphytophages (Metabelba (M.) pulverulenta), panphytophages (Chamobates (Xiphobates) voigtsi), and macrophytophages (Acrotritia duplicata). The geographical distribution of the species is narrower than that of the species at the invaded sites. One dominant species -Hypochthonius rufulus rufulus -was not unique to any of the studied sites (Fig. 1) . It is a eurytopic mite of broad geographical distribution, feeding mainly on fungal hyphae and spores (luxton 1972; schatz 1983; suBias 2004; WEigMann 2006) .
Functional group composition
The functional group composition (e.g. habitat specificity, ecomorphological, trophic, and zoogeographical groups as well as the mode of reproduction) in oribatid communities in areas invaded by Fallopia and free of the invader was assessed ( Table 2 ). The Fallopia stands were favoured by eurytopic mites. The proportion of these mites was low at the site free of Fallopia (17.9% of the total catch at this site) and increased significantly at invaded sites (over 40%). It is noteworthy that the proportion of oribatids that prefer forest soils was much lower at Fallopia stands (∼50%) than at site III (over 70%), but the differences were not significant. The proportion of mites characteristic of open habitats was generally low at all sites.
The Fallopia stands were preferred by surface-dwelling mites. Furthermore, soil-dwelling mites reached a higher proportion at the invaded stands, but the differences were not statistically significant. Proportions of these groups were the lowest at site C. The decline of litter-dwelling mites at invaded sites was another characteristic phenomenon with regard to composition of ecomorphological groups at the studied sites (Table 2 ). The changes in the proportions of trophic groups in the oribatid communities were also remarkable. The proportion of panphytophagous mites at invaded sites was significantly higher than at site III. Furthermore, a low proportion of macrophytophagous mites at invaded sites in comparison with the control site was observed. As regards zoogeographical groups, no statistically significant differences were noted. However, species with broad zoogeographical distribution dominated at the invaded sites. Palaearctic mites reached the highest proportion in the community at site C. Sexually reproducing mites dominated at invaded sites. Parthenogenetic mites reached a significantly lower proportion at invaded site I (12.5%) than at the site free of Fallopia (42.0%) ( Table 2) .
DISCUSSION
The abundance, activity, and composition of decomposer communities have been shown to vary markedly with plant species (BardgEtt et al. 1998; WardlE et al. 1999 ). Exotic invasions have been shown to have profound effects on the relationships between plants, soil biota, and ecosystem processes, as the aliens alter decomposition and nutrient cycling (porazinsKa et al. 2003; ashton et al. 2005) . In this study a marked influence of Fallopia on species richness, species composition, and functional group composition of oribatid mite communities was observed.
Large-scale invasion by exotic Fallopia affects to some extent the species richness of soil oribatid mites. Overall oribatid species richness at the totally invaded Fallopia site in the studied mixed forest was 20% lower than in the control area of the forest, free of the invader. However, it is noteworthy that in the area with moderate coverage of Fallopia, oribatids were even more diverse (and the number of unique species was higher) than in the part of the forest free of the invader. Thus it can be concluded that there is a link between the replacement of native plant species by exotic Fallopia and the reduction in overall species richness of oribatids. A similar (2006) did not find any evidence that the community composition of soil mites was specific to grass species (native and invasive). The analysed oribatid communities associated with Fallopia invasion were characterized by changes in species composition and by shifts in the functional group composition. Fallopia caused a few species to increase in abundance, e.g. Oribatula (O.) tibialis tibialis, Hemileius (H.) initialis, Pergalumna nervosa nervosa (species associated with the totally invaded site) as well as Rhinoppia subpectinata, Ceratozetes (C.) gracilis, and Nothrus silvestris (species typical of the site moderately covered by the invader). Most species of this group are eurytopic mites feeding on various food sources. Several other species significantly declined at the sites with Fallopia, e.g. Metabelba (M.) pulverulenta, Chamobates (Xiphobates) voigtsi, and Acrotritia duplicata (species typical of the site free of Fallopia). They are forest species belonging to different trophic groups.
The presence of forest species, such as Metabelba (M.) pulverulenta, Chamobates (Xiphobates) voigtsi, and Acrotritia duplicata, a higher proportion of eurytopic mites, and slightly higher proportion of mites typical of open habitats in Fallopia stands prove the radical change of environmental conditions for soil oribatid mites as a result of Fallopia invasion. topp et al. (2008) reported also on the influence of Fallopia invasion on microclimatic conditions and found a higher abundance of forest ground-dwelling beetles in the Fallopia stands. The cited authors suggested that the Fallopia stand of the ruderal embankment partially mimics that of forest habitats. This was not the case with regard to oribatid mites studied in the present project. The radical change of environmental conditions for oribatids at the Fallopia-invaded sites, especially in the litter layer, is well proven, as the proportion of litter-dwelling mites is reduced significantly at the invaded sites. A shift in the proportions of trophic groups following Fallopia invasion was also observed. The proportion of macrophytophagous mites was significantly lower at the invaded sites. This may suggest that the plant material of Fallopia is much less palatable for oribatid mites than that produced by native plants. The proportion of non-specialists increased at the invaded sites, which is obvious in this situation. The data on the shift of trophic groups as a result of plant invasion correspond to those of hartlEy et al. (2004) on the invasion of Chinese tallow tree (Triadica sebifera, synonym Sapium sebiferum) in Texas and those of KappEs et al. (2007) on the giant knotweed invasion with regard to different groups of arthropods. The relative proportions of cosmopolitan, semicosmopolitan and Holartic mites increased in Fallopia stands. This is also a strong indication of negative changes in the environmental conditions in the soil system, which influence saprophagous oribatid mites.
Yet, the proportion of parthenogenetic mites was significantly lower within the Fallopia stands. Recent literature has focused on reproductive modes as a possible explanation for the distribution patterns of oribatid mites (cianciolo & norton 2006; schnEidEr et al. 2007 ). According to the "general-purpose genotype" theory, disturbances may increase the proportion of species and individuals that reproduce via thelytoky, while species that are characterized by the sexual mode of reproduction benefit from constant conditions (schaEfEr et al. 2006) . If the stand totally invaded by Fallopia is considered to be a less stable habitat than an area free of the invader, then a higher proportion of parthenogenetic oribatid mites can be expected in an invaded area. The results do not support the above explanation for distribution patterns of oribatid mites, as the proportion of parthenogenetic mites at site I was much lower than at site III. schEu & drossEl (2007) presented a model which explains the dominance of sexuality or parthenogenesis in a given soil-related substrate by the nature and abundance of resources. One of the key features of the model is that sexual reproduction sets in when resources become scarce. It seems that this trait well explains the observed habitat-reproductive-mode relationships in the above study.
Mites are becoming increasingly used as bioindicators of soil soil disturbance. Oribatid species and their communities may reflect the impact of various human activities (for a full list of references, see sKuBała 2004). They offer also several advantages for assessing the impact of invasive weeds. Oribatids reach high densities even in highly simplified habitats with plant invaders. In comparison with some macroinvertebrates, they are easily sampled and can be collected in all seasons. Furthermore, oribatids are in close contact with defined microenvironmental conditions and are directly exposed to toxicants, by contact or direct ingestion of soil particles and soil water. Other apparent advantages seem to be a great deal of diversity in both taxonomy and functionality within oribatids collected from a small area. However, there are also negative aspects of the use of oribatids in bioindication, e.g. their small size, difficulties in identification, or some difficulties in standardising their sampling and extraction. CONCLUSIONS 1. A link between the replacement of native plant species by the knotweed (Fallopia) and species richness of oribatid fauna was observed. This successful exotic invasive species has a moderate influence on species richness and a profound effect on soil oribatid mite community composition. 2. The shift of groups with different habitat specificity (e.g. high proportion of eurytopic mites at invaded sites), ecomorphological groups (e.g. low proportion of litter-dwelling mites at invaded sites), and zoogeographical groups (e.g. high proportion of mites with broad geographical distribution at invaded sites) proves the radical negative change of environmental conditions for soil oribatid mites as a result of Fallopia invasion. (Berlese, 1914) ? Sf Pan P S II Hab = habitat specificity: E = eurytopic; F = forest; O = open habitat; ? = unknown: Ecol = ecomorphological group: SF = surface-dwelling; L = litter-dwelling; S == soil-dwelling; Ns = non-specialized; Tr = trophic group: Pan = panphytophagous; Mic = microphytophagous; Mac = macrophytophagous; ? = unknown; Zg = zoogeographical group: C = cosmopolitan; SC = semicosmopolitan; H = Holarctic; P = Palaearctic; E = European; R = reproduction: S = sexual; P = parthenogenetic.
